Research Highlights: We found that the initial attack location together with the aggregation pheromones played an important role in mediating the aggressive behavior of T. brevipilosus on P. kesiya. Background and Objectives: T. brevipilosus was identified as an aggressive species, which possesses the ability to kill live, healthy P. kesiya. In this scenario, we study the top-down attack pattern of T. brevipilosus on P. kesiya during the entirety of the reproductive period. Materials and Methods: We investigated the phenology of trunk attack on P. kesiya over a period of three years in Pu'er City, China. The hindguts extracts of the females and males T. brevipilosus were analyzed by coupled gas chromatography-mass spectrometry (GC-MS). The candidate aggregation pheromone compounds of T. brevipilosus were determined through electrophysiology experiments (electroantennographic detection, EAD and electroantennography, EAG), laboratory olfactometer bioassays, and field trapping. Results: we found that the pioneer beetles preferentially infested the crown of P. kesiya at the early stage of attack following spring flight with the later arriving beetles selectively attacking the lower area of the trunk to avoid intraspecific competition and better utilize limited resources, which exhibits a top-down attack pattern. During gallery initiation, the beetles release aggregation pheromones to attract conspecifics to conduct a mass attack. The chemical analyses indicated that the hindgut extracts of gallery-initiating beetles contained a larger amount of myrtenol, cis-verbenol, trans-verbenol, and verbenone. Myrtenol and trans-verbenol were identified as candidate aggregation pheromone compounds. In addition, a blend of these two components with S-(−)-α-pinene and S-(−)-β-pinene attracted more T. brevipilosus individuals in a field bioassay. Conclusions: We concluded that the preference for the initial attack location together with the aggregation pheromones played an important role in mediating the top-down attack pattern of T. brevipilosus on P. kesiya.
Introduction
Species of Tomicus are noteworthy for their damage to pine forests in Europe, North America, Asia, and North Africa [1] [2] [3] [4] . In Southwestern China, these bark beetles are also the main cause of extensive tree damage [5] [6] [7] [8] [9] . They attack the fresh shoots of living trees for maturation feeding, which can weaken the host and curtail growth [10] . During the reproductive phase, they infest the trunk of the host, which directly causes death [11] [12] [13] [14] .
Materials and Methods

Study Area
The field study reported in this case was carried out in Pu'er City (N 22 • 54 09.20", E 101 • 15 27.87") at an elevation of 1400 m, and the samples of T. brevipilosus were collected on P. kesiya, and there is no coexistence of other Tomicus species. The studied host trees were originally planted by aerial seeding in the mid-1980s, which ranged from 10 m to 15 m in height and had breast height diameters from approximately 35 cm to 48 cm.
Insect Collection
Three to five attacked trees were selected at random and cut down every month during the trunk attack period November through January over three years. The pine trunks colonized by T. brevipilosus were divided into 1 m-long sections from the base to the top, and the bark was carefully peeled to reveal the beetle numbers and gallery lengths. According to our statistics, the length of T. brevipilosus can reach 90 mm during its reproductive phase. The colonization stages were then sampled by the length of the galleries: Stage I (<10 mm): mainly contained female beetles within tunnels where boring had just started, Stage II (10-20 mm): paired males and females that had started mating, Stage III (20-30 mm): mostly paired males and females that had completed their mating behavior and oviposition had occurred, Stage IV (30-50 mm): mostly females in a spawning state (males had gradually left the mating chamber), and Stage V (>50 mm): only females and eggs that were inside a completed gallery system (males had left entirely).
Based on the gallery length classifications, the beetles were individually placed into 5 mL plastic centrifuge tubes with several holes, returned to the laboratory, and then stored at 4 • C for 24 h before testing. Then, the beetles were separated by species and sex using a stereoscope because of the presence of erect hairs, granules, and punctures on the elytral declivity [16] .
Chemicals
The chemicals tested in the study included S-(−)-α-pinene (98%), S-(−)-β-pinene (98.5%), cis-verbenol (95%, enantionmeric excesses ≥50%), trans-verbenol (95%, enantionmeric excesses ≥98%), verbenone (≥93%), myrtenal (≥97%), myrtenol (≥95%), (−)-camphene (80%), (+)-camphene (80%), styrene (99%), linalool (99%), terpinen-4-ol (97%), and heptyl acetate (98%), all obtained from Sigma-Aldrich Co. (St Louis, MO, USA). And n-hexanol (99.9%, Fisher Scientific Co., Waltham, MA, USA), R-(+)-α-pinene (98%), β-phellandrene (85%), (−)-limonene (97%), and (+)-limonene (97%, J&K Scientific Ltd., Beijing, China).
Hindgut Extracts
The hindguts from the females and males of T. brevipilosus were dissected under a microscope (Olympus, SZ61) and placed into 2 mL glass vials containing 200 µL n-hexane at 4 • C for 12 h. Then, these extracts were evaporated to 50 µL with nitrogen, transferred into small glass ampoules (100 µL), and stored at −20 • C before testing. Every extract contained five hindguts.
Coupled Gas Chromatography-Mass Spectrometry (GC-MS)
The component analysis was carried out by using an Agilent gas chromatograph coupled with a mass spectrometry system (TRACE GC 2000). The GC was equipped with a polar HP-5MS column (30 m × 0.25 mm × 0.25 µm) and included an injector temperature set to 230 • C. The oven temperature for the HP-5MS GC column was initially programmed at 45 • C for one minute and then subsequently increased to 105 • C at 2 • C per minute. Lastly, the temperature was increased to 220 • C at 10 • C per minute with helium used as the carrier gas. Heptyl acetate (2 ng/µL n-hexane) was then added to the extract as an internal standard. All the samples were analyzed with the same apparatus under the same conditions. Compound identification was based on a comparison of the retention times to those of the synthetic standards, and the reference mass spectra were taken from the NIST11 library (Scientific Instrument Services, Inc., Ringoes, NJ, USA).
Gas Chromatography-Electroantennographic Detection (GC-EAD)
The GC-EAD system consisted of an Agilent 7890A gas equipped with a HP-5MS column (30 m × 0.25 mm × 0.25 µm, Agilent Technologies, Wilmington, DE, USA) and an electro-antennogram detector (EAD), a 1:1 effluent splitter that allowed simultaneous flame ionization (FID) and electro-antennographic (EAD) detection of the separated volatile compounds. Hydrogen was used as the carrier gas. The injector and detector temperatures were 220 • C and 230 • C. The oven temperature was initially programmed at 60 • C for one minute and then subsequently increased to 100 • C at 5 • C per minute. Lastly, the temperature was increased to 250 • C at 10 • C per minute. Each antenna was prepared by cutting the basic segment carefully and clearing surface debris slightly, which was then inserted into a glass capillary. The glass capillaries housed 0.39 mm silver wires (Sigmund Cohn Corp, Mt. Vernon, NY, USA) and were filled with 0.9% NaCl saline solution. Electrodes were connected to a combi Probe (PRG-3, Syntech, Buchenbach, Germany). A reference electrode was inserted into the base of the excised beetle. The tip of the recording electrode was removed so its opening matched the diameter of the antennal club, and then one side of the antennal club was laid flat against the opening so its entire surface was in contact with the saline [33] . The purified and humidified supplemental airflow (400 mL/min) was supplied continuously. The FID and EAD signals were processed with Syntech software (GcEad version 4.6). In addition, 20 individuals of T. brevipilosus housed for 24 h in 3 cm centrifuge tube. Then all hindguts were dissected under a microscope (Olympus, SZ61) and placed into 2 mL glass vials containing 200 µL n-hexane at 4 • C for 12 h.
Electroantennogram (EAG) Recording
The EAG procedure used in this study was similar to that reported elsewhere [34] . The tested compounds were released from Pasteur pipettes containing a piece of filter paper (0.4 cm × 5 cm) impregnated with 10 µL of each freshly prepared solution of the test compounds (1 µg/µL of each in hexane) and passed over the antennae. In addition to the pipettes containing the test preparations, one Pasteur pipette containing a filter paper impregnated with 10 µL of the hexane solvent was used as a control. The puff containing the test substance was delivered into a continuously humidified and purified air stream moving at 800 mL/min and passing for 0.1 s through the impregnated filter paper in the pipettes. A control stimulation was made at the beginning and end of every four tested compounds. The test compounds were then applied randomly at intervals of 40 s. The EAG amplitudes in response to the synthetic compounds were expressed in relation to the responses to the control because of the large differences in the overall sensitivity between the individual antennae and to compensate for the decline in antennal sensitivity during each measurement session. In this normalization procedure, the responses to the control were defined as 100%. The values obtained between the two controls were corrected, according to the values of the references by linear interpolation. The compounds were tested using 15 antennae of males and 15 antennae of females.
Olfactometer Bioassays
The response of beetles to odor sources was tested using a modified open-arena olfactometer [9, 35] . The synthetic compound was placed on a piece of filter paper (1.2 cm × 1.2 cm) in the odor region. n-hexane was dropped on the same filter papers placed on either side of the odor region. One beetle of each sex was released at the center of the larger circle for each trial. The number of times that the beetle entered the odor region within 5 min after release was recorded. Males and females of T. brevipilosus were tested for their behavioral attraction response to six relevant synthetic compounds at five concentrations, which ranged from 0.01 ng/µL to 100 ng/µL. For each concentration, n-hexane was used as the control, and 40 biological replicates were performed. Mean attraction values were calculated as follows: Mean numbers = Total numbers of attraction/Total replicates.
Field Trapping
According to the results of chemical analyses, electrophysiology experiments, and laboratory olfactometer bioassays, different blends of R-(+)-α-pinene, S-(−)-α-pinene, S-(−)-β-pinene, cis-verbenol, trans-verbenol, and myrtenol were formulated for field trapping tests inside a plantation of P. kesiya from November to December 2016. Then, 10 mL of the blend was placed into a series of polyethylene bottles. Black cross-barrier traps (Pherobio Technology Co., Ltd., Beijing, China) were suspended at a 1.5-m distance from the ground. Randomized block experimental designs were used to evaluate the results of the traps. The traps were separated by at least 15 m from each other within a block. Each treatment block contained seven treatments, and five blocks were spaced at a distance of 1 km from each other. A blank control with an un-baited trap was placed in each treatment block. Seven kinds of lures used for field trapping with a corresponding ratio were listed in Table 1 . Table 1 . Seven kinds of lures used for field trapping (v/v). 
Statistical Analyses
The number of times that walking beetles entered the odor region was used to evaluate the attraction level and inhibition for each treatment group. The SPSS statistical analysis software (version 16.0; IBM Inc., Chicago, IL, USA) was used to process data, and all the figures were drawn using Excel 2010 software. A heat map population distribution of T. brevipilosus on P. kesiya was constructed based on the mean numbers of beetles found in different stages and the mother gallery lengths, while one-way ANOVA was used to compare the amounts of the chemicals (nanogram) identified from the hindgut extracts of females and males during different trunk-breeding phases. The data from these procedures were analyzed with Tukey's multiple range test (p <0.05) as well as the EAG response data from female and male beetles with respect to each stimulus and different compound concentrations. The mean numbers of the walking beetles versus the different concentrations of the chemicals and field trapping data were then log 10 (x + 1) transformed. This resulted in homogeneous variances and data were also analyzed using one-way ANOVA followed by Tukey's multiple range test (p <0.05).
Results
Population Dispersal on Trunk Surfaces
Individual T. brevipilosus breeding attacks on P. kesiya were observed over three consecutive months during the three years of the study. The results showed that both the timing and duration of the breeding attacks were similar, usually beginning in November and extending through January. The pioneer beetles preferentially attacked the upper crown of the individual hosts first at the early stage of the breeding attacks in November ( Figure 1 ). The subsequent beetles gradually moved downward in the trunk over the course of the next two months (December and January), which exhibits a top-down attack pattern ( Figure 1A ,B). 
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Chemical Analysis of Hindgut Extracts
Ten components were identified from the hindgut extracts of the female T. brevipilosus, including four terpenes and six oxygenated monoterpenes ( Table 2 ). The amount of myrtenol at stage I was greater and significantly different compared to that of the other stages (F (4,15) = 4.402, p = 0.015) and declined rapidly from stage I to III. The amount of cis-verbenol, trans-verbenol, and verbenone decreased from stage I to III, but these were not significant differences (F (2,10) = 2.121, p = 0.160, F (2,10) = 0.587, p = 0.574, and F (2,10) = 4.057, p = 0.051, respectively). The data showed that the amount of cis-verbenol and verbenone increased suddenly at stage V and exhibited significant differences at stages III and IV (F (4,15) = 3.324, p = 0.039, F (4,15) = 5.367, p = 0.007, respectively). However, this was not the case for stages I and II (p >0.05). In addition, the amounts of terpene and styrene at stage V were significantly lower than those at stage I, but terpinen-4-ol exhibited the opposite pattern. There were no significant differences for β-phellandrene and linalool in the five stages (p > 0.05).
For males (Table 2) , the data showed that the amounts of cis-verbenol, myrtenol, and verbenone significantly decreased from stage I to stage III (F (2,6) = 5.283, p = 0.048, F (2,6) = 29.530, p = 0.001, and F (2,6) = 10.051, p = 0.012, respectively). The amount of trans-verbenol decreased from stage I to III, but there were no remarkable differences (F (2,6) = 3.021, p = 0.124). Similarly, there were no significant differences for oxygenated monoterpenes (cis-verbenol, trans-verbenol, myrtenol, and verbenone) between the females and males of T. brevipilosus collected from galleries of the same length (p > 0.05).
GC-EAD Analyses
In (Figure 2 ). Among these chemicals, trans-verbenol and verbenone (peaks 3 and 5) elicited a strong response from both sexes. S-(−)-β-pinene (peak 2) only elicited a response from females of T. brevipilosus. 
Electroantennography (EAG)
Six compounds identified from the hindguts and another six host volatiles were tested in the EAG experiment. The results revealed that five compounds elicited strong stimulation of the antennae of the females and males, specifically cis-verbenol, trans-verbenol, myrtenol, S-(−)-α-pinene, and R-(+)-α-pinene (Figure 3) . However, there were no significant differences between females and males for the same substance. 
Olfactometer Bioassays
Five compounds were tested at five concentrations using a modified open-arena olfactometer (Figure 4) . These results revealed that, compared with n-hexane, both sexes of T. brevipilosus were significantly attracted by cis-verbenol and trans-verbenol at a 1 ng/µL concentration ( Figure 4A,B) . Furthermore, a 0.1 ng/µL concentration of S-(−)-α-pinene was strongly attractive for both genders ( Figure 4E ). The mean numbers of the females attracted to myrtenol were significantly higher at 1 ng/µL and 10 ng/µL concentrations than at the other concentrations, which was the case at a 1 ng/µL concentration for males ( Figure 4C ). Both sexes of T. brevipilosus displayed weak attractive tendencies to verbenone at the five concentrations, but there were no significant differences between them ( Figure 4D ). 
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Field Trapping
In the field trapping experiment, traps baited with blends of S-(−)-α-pinene, S-(−)-β-pinene, trans-verbenol, and myrtenol led to the capture of more T. brevipilosus individuals within each replicate. The capture by treatment B, baited with blends of S-(−)-α-pinene, S-(−)-β-pinene, cis-verbenol, trans-verbenol, and myrtenol, was less than that by treatment A (Figure 5 ). However, there was no significant difference between the treatments. Replacing S-(−)-α-pinene with its enantiomer R-(+)-α-pinene significantly reduced the catch numbers. While a mix of the three monoterpenes (i.e., S-(−)-α-pinene, R-(+)-α-pinene, and S-(−)-β-pinene, in a 1:1:0.2 ratio, v/v) along with oxygenated monoterpenes could enhance the catch numbers, the differences were not significant. Fewer numbers of beetles were caught than expected. One possible reason for this is that the mean height of the host, P. kesiya, can be more than 10 meters since our traps were suspended 1.5 m above the ground. Another reason is that the top-down attack pattern during the breeding period may have possibly reduced the number of flights and decreased the probability of trap captures. 
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November, 2016 and 3 December, 2016). Lowercase letters indicate significant differences between 308 trap baits at p < 0.05 (one-way ANOVA followed by Tukey's tests). The error bars were standard error.
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Aggressive bark beetle species are able to attack and kill living and sometimes quite healthy 315 trees [36] . Epidemics caused by these "aggressive" species may dramatically alter the state and 316 function of forest ecosystems over large areas [37] . 
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Discussion
Aggressive bark beetle species are able to attack and kill living and sometimes quite healthy trees [36] . Epidemics caused by these "aggressive" species may dramatically alter the state and function of forest ecosystems over large areas [37] . Typical examples of aggressive bark beetle species are Ips typographus (Linnaeus, 1758) in Europe [38] , and Dendroctonus frontalis Zimmermann, 1868 and D. ponderosae in North America [39, 40] . In China, T. yunnanensis is regarded as one of the most aggressive species of Tomicus [8, 9, 16] . Chen et al. regarded the aggressiveness of T. brevipilosus, which is a sympatric species, as similar to that of T. yunnanensis [9] . In our study, T. brevipilosus had the ability to breed in healthy P. kesiya and killed trees on its own by mass attack, which could explain why P. kesiya has suffered high levels of tree mortality in recent years. Accordingly, T. brevipilosus should be regarded as one of the most aggressive species of the Tomicus genus.
Typically, the location preferences of individual species are related to the place where the pioneer beetles initiate the attack, and these locations vary among Tomicus species [12, 41] . Earlier research showed that T. piniperda tends to initiate attacks along the lower trunks of P. sylvestris, and T. minor, which flies later, tends to colonize the upper portions of the trunks [2] . In contrast, the initial attacks by T. yunnanensis tend to be along the upper parts of P. yunnanensis, and the T. minor attacks are more concentrated along the lower trunk [9, 12] . Chen et al. revealed that T. brevipilosus, T. yunnanensis, and T. minor coexist together on P. yunnanensis, and T. brevipilosus had to adjust its infestation location in response to the other two Tomicus species, which likely decreased interspecific competition and resulted in two general patterns of infestation [9] . In the first pattern, T. brevipilosus breeds preferentially within the middle and lower trunk regions were not already occupied by the other two Tomicus species. In the second pattern, T. brevipilosus attacks alone, infests the lower parts of the trunk first, and then progressively moves upwards along the trunk into the crown, which exhibits a bottom-up attack pattern. However, our study showed that the pioneer beetles preferentially attack the crown of P. kesiya first and gradually move down the trunk, which shows a top-down attack pattern. One possible explanation for T. brevipilosus attacking the crowns first before attacking the trunks of P. kesiya is that it is the dominant species on P. kesiya, and the location of the initial attack was not affected by the presence of other Tomicus species. Without competition, it is easy for this beetle to preferentially infest the crown of hosts first during the spring flight.
Aggregation pheromones are used to signal a mass attack by the beetles on pines and allows the insects to coordinate feeding and mating in time and space [42, 43] . Two oxygenated monoterpenes, cis-verbenol and trans-verbenol, have been suggested to be major candidate aggregation pheromone compounds of T. minor [26] . In earlier work, Poland et al. concluded that trans-verbenol acts as an aggregation pheromone component that influences migrant North American T. piniperda populations [22] . In our study, both cis-verbenol and trans-verbenol were detected in the hindguts of T. brevipilosus initially breeding on trunks. In addition, the emergence time for verbenol agreed with previous reports that suggested this aggregation pheromone is generally produced in bark beetles [42, 44] . One hypothesis to explain this shared signal is that Tomicus species individuals utilize the same pheromones to take full advantage of available resources [45] . Accordingly, the results of the GC-EAD, EAG, and dose-concentration experiments clearly indicated that both cis-verbenol and trans-verbenol are candidate components of the aggregation pheromone.
Lanne et al. revealed that myrtenol is the major component of the volatile compounds in the hindguts of both sexes of T. piniperda, which gave an intermediate response in electroantennography tests [26] . However, the compound demonstrated low entrapment. Our research found that a larger amount of myrtenol was present in the hindguts of the females and males of T. brevipilosus at stages I and II when the beetles were in contact with the resin-containing phloem and xylem. Moreover, the antennae from beetles of these stages were characterized by a very strong EAG response. At concentrations of 1 ng/µL and 10 ng/µL, females showed a higher walking response than that observed at other concentrations, and this was the case at the 1 ng/µL concentration for males. Further work is needed to prove that this component is a key constituent of aggregation pheromones of this species.
S-(−)-α-pinene and S-(−)-β-pinene can be considered to be an active kairomone or a coattractant aggregation pheromone for T. brevipilosus, since the beetles displayed strong attraction in the EAD analysis and behavioral tests. In early research, S-(−)-α-pinene mixed with trans-verbenol resulted in more trap catches for T. piniperda [22, 23, 46] . In addition, T. destruens was clearly attracted by the blend of the host volatiles and ethanol, which acted synergistically. The maximum response was observed at release rates of 300 and 900 mg/day, respectively [47] . Lastly, some bark beetle aggregation pheromones arise through oxygenation of α-pinene by oxidases from beetles or their associated microorganisms [48] [49] [50] [51] .
Clearly, the amounts of the oxygenated monoterpenes, cis-verbenol, trans-verbenol, and myrtenol, reached a maximum at stage I when the pioneer beetles bored through the outer bark and contacted the resin-containing phloem and xylem of the host. These amounts subsequently declined from stage I to III. The variation found in this study is in agreement with previous reports that the production of major pheromones by beetles exhibits large quantitative variation, i.e., increasing during gallery initiation and then terminating or declining rapidly afterwards [42] . An abnormal phenomenon was that the amounts of oxygenated monoterpenes, cis-verbenol, and verbenone rose suddenly at stage V. One possible reason was that the higher concentration of oxygenated monoterpenes inhibited the attraction between the Tomicus at the later stage of trunk breeding. Additionally, our earlier study suggested that trans-verbenol and verbenone at higher concentrations inhibited the attraction of T. minor and T. yunnanensis. Consequently, further studies need to be conducted to clarify this phenomenon.
Conclusions
In summary, it is reasonable to assume that the initial location preference along with the aggregation pheromones regulate the top-down attack pattern. T. brevipilosus pioneer beetles preferentially attacked the crown of the hosts first at the early stage of spring flight and release aggregation pheromones (i.e., myrtenol, cis-verbenol, and trans-verbenol) immediately to initiate a mass attack. Then, in the later phase of gallery excavation, the amount of cis-verbenol and verbenone increases suddenly, and the high concentration of oxygenated monoterpenes inhibits the attraction of conspecifics. To avoid intraspecific competition and to better utilize limited resources, the subsequent beetles selectively attack the lower area of the trunk to avoid overcrowding within the attack zones. Therefore, the preference of the initial attack zones together with the aggregation pheromones play an important role in mediating the top-down attack pattern of T. brevipilosus on P. kesiya. However, considering that aggregation pheromones are one of the major factors that regulate the aggressive behavior of T. brevipilosus during the reproduction phase, it is still unclear which of these components play an important role in guiding this beetle to infest the host trees. Thus, further research to provide critical information for monitoring and/or mass trapping of this economically important forest pest insect still needs to be conducted. 
